ABSTRACT In this paper, two optimal power allocation strategies for hybrid interweave-underlay cognitive cooperative radio networks (CCRNs) are proposed to maximize channel capacity and minimize outage probability. The proposed power allocation strategies are derived for the case of Rayleigh fading, taking into account the impact of imperfect spectrum sensing on the performance of the hybrid CCRN. Based on the optimal power allocation strategies, the transmit powers of the secondary transmitter and secondary relay are adapted according to the fading conditions, the interference power constraint imposed by the primary network (PN), the interference from the PN to the hybrid CCRN, and the total transmit power limit of the hybrid CCRN. Numerical results are provided to illustrate the effect of the interference power constraint of the PN, arrival rate of the PN, imperfect spectrum sensing, and the transmit power constraint of the hybrid CCRN on channel capacity and outage probability. Finally, comparisons of the channel capacity and outage probability of underlay, overlay, and hybrid interweave-underlay CCRNs are presented to show the advantages of the hybrid spectrum access.
I. INTRODUCTION
With the rapid growth of wireless applications, radio spectrum becomes more and more exhausted. Utilizing the precious radio spectrum efficiently is one of the critical issues of modern wireless communication systems. To fulfill this demand, cognitive radio has been proposed in [1] as a promising solution to mitigate the scarcity of radio spectrum. The work in [2] presented fundamental concepts and addressed major functions of cognitive radio networks (CRNs) such as interference temperature estimation, spectrum hole detection, channel state estimation, transmit power control, and dynamic spectrum access. One of the most important functions of cognitive radios is dynamic spectrum access. This function coordinates the way that cognitive users, so-called secondary users (SUs), co-exist with licensed users or primary users (PUs) and with other SUs. Specifically, there exist three main approaches for cognitive spectrum access, i.e., interweave, overlay, and underlay schemes [3] .
Interweave spectrum access is based on the interference avoidance paradigm, i.e., the CRN does not cause any interference to the primary network (PN). Thus, the SUs must periodically monitor the status of the radio spectrum to detect unoccupied spectrum portions and only opportunistically communicate over these so-called spectrum holes. In contrast, overlay spectrum access is based on the interference mitigation paradigm, i.e., the SUs are allowed to concurrently access radio spectrum with the PUs provided that appropriate techniques are used to suppress the interference from the SUs to the PUs [4] . In order to mitigate interference, the SUs of overlay CRNs must have appropriate knowledge about the PN such as codebooks which makes its implementation challenging. Finally, underlay spectrum access is based on the interference control paradigm where the SUs and PUs can simultaneously access the same licensed spectrum as long as the SUs adapt their transmit powers to satisfy the interference power constraint imposed by the PUs [5] .
Since interweave CRNs only opportunistically communicate over spectrum holes, they neither cause harmful interference to the PN nor suffer interference from the PN. Further, the transmit powers of an interweave CRN are not bounded by the interference power constraint of the PN and therefore may offer superior system performance compared to the overlay and underlay schemes [6] . However, interweave spectrum access may reduce the effectiveness of spectrum utilization since the licensed spectrum bands are only opportunistically utilized when being idle. The effectiveness of spectrum utilization can be improved with overlay and underlay spectrum access as licensed spectrum bands can be used at any time. Nevertheless, SUs in an overlay CRN must have knowledge about the PN's codebooks which are not always available in practice. On the other hand, restricting the transmit powers of underlay CRNs due to the interference power constraint of the PUs leads to a reduction of system performance as compared to interweave and overlay schemes.
In order to exploit the benefits while avoiding the disadvantages of the above schemes, hybrid CRNs have been proposed, e.g., in [7] and [8] . The work in [7] analyzed the average video service rate of a single hop hybrid interweaveunderlay CRN by modeling the system as an M/M/1 queue with Poisson traffic arrivals. Furthermore, a power allocation strategy for a single hop hybrid overlay-underlay CRN was proposed in [8] to maximize the channel capacity of the SU. Considering imperfect channel knowledge, the achievable throughput of the SUs in a single hop interweave-underlay CRN has been analyzed in [9] . In addition, an optimization problem to maximize the achievable average rate of a single hop hybrid interweave-underlay CRN subject to an outagebased quality-of-service constraint for the PN has been formulated and solved in [10] using an iterative optimization framework. Recently, a hybrid energy harvesting-based cooperative spectrum sensing scheme has been proposed in [11] to maximize achievable total throughput for single hop CRNs subject to constraints on the active probability, sensing duration, and detection threshold of each SU.
Aiming at improving system performance and coping with the transmit power limits imposed on the SUs, cooperative communications has been incorporated into CRNs [12] , [13] . The works reported in [14] and [15] have utilized cooperative communications for hybrid CRNs where an SU can transmit with its maximum power when the primary system is idle. However, when the primary system is active, the SUs must adapt their transmit powers to meet the peak interference power constraint imposed by the PN. To evaluate system performance, in [14] , the probabilities for idle and active states of the primary transmitter were assumed to be constant when deriving a bound on the outage probability of a hybrid cognitive cooperative radio network (CCRN). Apparently, the traffic statistics of the PN and hybrid CCRN were not considered when switching between interweave and underlay mode. In contrast, by considering the stochastic nature of the traffic at both the PN and CCRN, a hybrid interweaveunderlay CCRN subject to Nakagami-m fading has been discussed in [15] . However, this work assumed perfect spectrum sensing such that SUs can correctly switch between interweave and underlay spectrum access. Since perfect spectrum sensing is an idealistic assumption, the more practical scenario of imperfect spectrum sensing and its effect on the performance of hybrid CCRNs due to false alarm and missed detection should be investigated. Further, the transmit powers of the SUs in [16] are controlled only by the interference power limit of the primary destination such that the interference from the hybrid CCRN to the primary destination is always equal to that limit.
In this paper, we exploit hybrid interweave-underlay spectrum access for CCRNs to obtain the benefits of both schemes. Optimal power allocation strategies for the secondary transmitter and secondary relay are proposed to maximize channel capacity and to minimize outage probability of the hybrid CCRN by considering both the transmit power limit of the hybrid CCRN and the interference power constraint of the PN. Furthermore, the practical issue of imperfect spectrum sensing is taken into account in this study. Finally, the effect of traffic characteristics of SUs and PUs are also included in our analytical framework.
Major contributions of this paper are as follows:
• Optimal power allocation strategies for a cognitive amplify-and-forward (AF) relay network with hybrid interweave-underlay spectrum access are proposed to maximize channel capacity and minimize outage probability.
• An analytical framework for assessing the system performance of the hybrid CCRN under Rayleigh fading is developed.
• The practical issue of imperfect spectrum sensing of the hybrid CCRN is included into the derivation of a complex analytical framework.
• Performance comparisons between the hybrid CCRN, and conventional interweave and underlay CCRNs are provided.
• Through our analysis, insights into the impact of the primary arrival rate, fading parameters, interference power limit at the primary destination, and transmit power limit of the SUs on the performance of the hybrid CCRN are revealed. The rest of the paper is organized as follows. Section II describes the system model of the hybrid interweaveunderlay CCRN. Section III specifies all operation scenarios that can occur in the hybrid CCRN with imperfect spectrum sensing and derives the respective probability of each scenario. The power allocation strategies for the secondary transmitter and secondary relay aiming at maximizing channel capacity and minimizing outage probability of the hybrid CCRN are proposed in Section IV and Section V, respectively. Section VI provides numerical results for the channel capacity and outage probability of the hybrid CCRN using the proposed optimal power allocation strategies. Finally, Section VII provides a summary and conclusions.
II. SYSTEM MODEL
The considered system model consists of a PN and a hybrid CCRN where all links are subject to Rayleigh fading as shown in Fig. 1 . The PN comprises of a primary transmitter P T and a primary destination P D . The hybrid CCRN consists of a secondary transmitter S T , an AF relay S R , and a secondary destination S D . Further, h 1 , h 2 , h 3 , h 4 , h 5 , and h 6 denote the channel coefficients of the links S T → S R , S R → S D , S T → P D , S R → P D , P T → S R , and P T → S D , respectively. The hybrid CCRN deploys hybrid spectrum access where S T and S R switch between interweave and underlay mode based on the state of the PU as in [15] , i.e., whether the licensed band is unoccupied or used by the PU.
Assume that the hybrid CCRN operates in half-duplex mode and that the relaying transmission occurs in two time slots (TSs). In particular, in the first TS, S T broadcasts the signal to S R which then amplifies the received signal with a scale factor and forwards it to S D in the second TS. Each TS of the transmission in the hybrid CCRN consists of two phases, namely, a sensing phase and a data transmission phase [17] . In the sensing phase, the SU, i.e. either S T or S R , listens to the licensed spectrum to detect the state of the PU. Based on the sensing result in the first phase, the SU selects a suitable transmission mode in the second phase. If the spectrum is sensed idle in the first phase, the SU operates in the interweave mode without facing the interference power constraint imposed by P D . On the other hand, if the SU senses P T as active, it decides to operate in the underlay mode subject to the interference power limit of P D . Since the sensing duration is often very small in the order of 1 ms as compared to the TS duration of, say 100 ms as pointed out in [18] , the SUs are considered to start their transmission at the beginning of each TS with virtually no delay. We assume that both S T and S R do not change their operation mode during a TS but may adapt it in each subsequent TS if needed. Therefore, the following four scenarios have to be distinguished for the hybrid interweaveunderlay CCRN:
• Scenario 1: P T is sensed as active in both TSs of the secondary transmission.
• Scenario 2: P T is sensed as active only in the first TS of the secondary transmission.
• Scenario 3: P T is sensed as active only in the second TS of the secondary transmission.
• Scenario 4: P T is sensed as inactive in both TSs of the secondary transmission.
Let P s,i denote the transmit power per symbol at S T in Scenario i. Then, the received signal y (j) r,i at S R in Scenario i while P T is in State j in the first TS is given by
where x s is the transmit symbol at S T with unit power and j denotes the state of P T in the first TS, i.e., j = 0 if P T is inactive in the first TS 1 if P T is active in the first TS
Further, n (j) r is the interference plus additive white Gaussian noise (AWGN) at S R when P T is in State j. Specifically, n (0) r is a complex Gaussian random variable with zero-mean and variance N (0) r = N 0 while n (1) r accounts for the interference inflicted by P T plus noise at S R . As in [19] and [20] , n (1) r can be approximated as AWGN with zero-mean and variance N (1) r . Accordingly, N (1) r is calculated based on the average noise power N 0 at S R plus the average interference power from P T to S R , i.e., N
Here, P p is the transmit power of P T , d 5 is the distance of the link from P T to S R , and n is the path-loss exponent. As a result, n (j) r in (1) can be modeled as an AWGN with zero-mean and variance
In the second TS, the relay amplifies the received signal with factor G i in Scenario i given that P T is in State j in the first TS is calculated as
The received signal y
d,i at S D , given P T is in State j in the first TS and in State k in the second TS, can be expressed as
where k denotes the state of P T in the second TS, i.e., k = 0 if P T is inactive in the second TS 1 if P T is active in the second TS (6) Similar as in the first TS, the interference plus noise term n (5) at the secondary destination in the second TS is modelled as AWGN with zero-mean and variance
where d 6 is the distance of the link from P T to S D .
In view of the above, depending on the scenario and the state of P T , the signal-to-noise ratio (SNR) or signalto-interference-plus-noise ratio (SINR) γ (j,k) D,i of the hybrid CCRN in Scenario i with P T in State j in the first TS and P T in State k in the second TS can be obtained as (8) where X 1 = |h 1 | 2 and X 2 = |h 2 | 2 denote the channel power gains of the communication links in the hybrid CCRN. VOLUME 6, 2018 Furthermore, in Scenario i, the interference power Q (j) 1,i from S T to P D in the first TS and the interference power Q (k) 2,i from S R to P D in the second TS, respectively, are given by
where X 3 = |h 3 | 2 and X 4 = |h 4 | 2 are the channel power gains of the interference links from the hybrid CCRN to P D . In order to support the subsequent performance analysis, we recall that the probability density function (PDF) and cumulative distribution function (CDF), respectively, of channel power gain X l of Rayleigh fading with channel mean power l are given as
III. HYBRID CCRN WITH IMPERFECT SPECTRUM SENSING
Let the arrival traffic of P T be modeled as a Poisson process with arrival rate λ p packets/TS and the departure traffic of P T be another Poisson process with departure rate µ p packets/TS. Similarly, the arrival and departure traffics of S T and S R shall be modeled as Poisson processes with rates λ s , µ s , and λ r , µ r packets/TS, respectively. Apparently, all departure packets of S T become arrival packets of S R , i.e., µ s = λ r . Denote p 0 as the steady-state probability that the licensed spectrum is idle. Further, p p , p s , and p r are the steadystate probabilities that the licensed spectrum is occupied by only P T , S T , or S R , respectively. Finally, p ps and p pr represent the steady-state probabilities that the licensed spectrum is occupied by both P T and S T , and both P T and S R , respectively. As in [15] (13) . The probability p that a secondary transmission occurs is given by the probability that S T is active in the first TS and S R is active in the second TS, i.e.,
If the hybrid CCRN does not perform spectrum sensing perfectly, we must consider the following probabilities:
• Detection probability p d that the SU correctly senses the active state of the PU.
• Missed detection probability p m that the SU considers the licensed spectrum as vacant although it is occupied by the PU.
• False alarm probability p f that the SU considers the licensed spectrum as occupied although the PU is inactive.
• No false alarm probability p n that the SU correctly senses the inactive state of the PU.
The missed detection and false alarm probabilities can be calculated as p m = 1 − p d and p f = 1 − p n . Because we employ cooperative spectrum sensing among SUs, the missed detection and false alarm probabilities of S T and S R are the same. Taking into account imperfect spectrum sensing, the following cases have to be distinguished within the four scenarios of the hybrid CCRN.
Scenario 1: P T is sensed as active in both TSs of the secondary transmission. Thus, both S T and S R decide to operate in the underlay mode in both TSs with transmit powers P s,1 and P r,1 , respectively, bound by the interference power limit Q imposed by P D . However, due to imperfect spectrum sensing, one of the following four cases can occur.
• Case 1: P T is active in the first and second TS, i.e., the hybrid CCRN correctly senses the active state of P T in both TSs. The probability of this case is given as
• Case 2: P T is active in the first TS but inactive in the second TS. In this case, only S T correctly senses the active state of P T in the first TS but S R does not sense the inactive state of P T in the second TS. The probability for this event to occur is obtained as
• Case 3: P T is inactive in the first TS but active in the second TS. As such, S T does not detect the inactive state of P T in the first TS but S R correctly senses the active state of P T in the second TS. The probability for this event to occur is calculated as
• Case 4: P T is inactive in both TSs, i.e, the hybrid CCRN does not detect the inactive state of P T in neither of the TSs. This case occurs with probability
Scenario 2: P T is sensed as active in the first TS and inactive in the second TS. Therefore, in the first TS, S T operates in underlay mode with transmit power P s,2 being bound by the interference power limit Q imposed by P D . In the second TS, S R operates in interweave mode with transmit power P r,2 not considering the interference power limit Q. Due to imperfect spectrum sensing, the following four cases have to be distinguished for this scenario.
• Case 5: P T is active in the first and second TSs. Then, S T correctly senses the active state P T in the first TS but S R does not detect the active state of P T in the second TS. The probability of this case is calculated as
• Case 6: P T is active in the first TS but inactive in the second TS, i.e., S T correctly senses the active state of P T in the first TS and S R correctly detects the inactive
state of P T in the second TS. The probability of this case is calculated as
• Case 7: P T is inactive in the first TS but active in the second TS, i.e., S T does not detect the inactive state of P T in the first TS and S R does not detect the active state of P T in the second TS. The probability of this event is calculated as
• Case 8: P T is inactive in both TSs, i.e., S T does not detect the inactive state of P T in the first TS but S R correctly senses the inactive state of P T in the second TS. The probability of this event is obtained as
Scenario 3: P T is sensed as inactive in the first TS and active in the second TS. Hence, S T operates in interweave mode with transmit power P s,3 in the first TS. Moreover, S R operates in underlay mode with transmit power P r,3 bound by the interference power limit Q of the P D in the second TS. However, due to imperfect spectrum sensing, one of the following four cases can occur.
• Case 9: P T is active in both TSs, i.e., S T does not detect the active state P T in the first TS but S R correctly senses the active state of P T in the second TS. The probability of this event is calculated as
• Case 10: P T is active in the first TS but inactive in the second TS. Then, S T does not detect the active state of P T in the first TS and S R does not detect the inactive state of P T in the second TS. The probability of this event is given by
• Case 11: P T is inactive in the first TS but active in the second TS, i.e., S T correctly senses the inactive state of P T in the first TS and S R correctly senses the active state of P T in the second TS. The probability of this case is given by
• Case 12: P T is inactive in both TSs, i.e., S T correctly senses the inactive state of P T in the first TS but S R does not detect the inactive state of P T in the second TS. The probability of this case is
Scenario 4: P T is sensed as inactive in both TSs of the secondary transmission. Then, both S T and S R operate in the interweave mode with transmit powers P s, 4 and P r,4 , respectively. Thus, both S T and S R can disregard the interference power limit Q imposed by P D . However, due to imperfect spectrum sensing, the following four cases can occur.
• Case 13: P T is active in both the first and second TS, i.e., S T and S R do not detect the active state of P T in the first and second TS. The probability of this case is calculated as
• Case 14: P T is active in the first TS but inactive in the second TS, i.e., S T does not detect the active state of P T in the first TS but S R correctly senses the inactive state of P T in the second TS. The probability of this event is given by
• Case 15: P T is inactive in the first TS but active in the second TS. Then, S T correctly senses the inactive state of P T in the first TS but S R does not detect the active state of P T in the second TS. The probability of this case is calculated as
• Case 16: P T is inactive in the first and second TS, i.e., both S T and S R correctly sense the inactive state of P T in both TSs. The probability of this event is given by
IV. OPTIMAL POWER ALLOCATION TO MAXIMIZE CHANNEL CAPACITY OF THE HYBRID CCRN
Based on the Shannon capacity theorem, the instantaneous channel capacity of the hybrid CCRN in Scenario i when the primary transmitter P T is in State j in the first TS and in State k in the second TS is calculated as
where γ
D,i denotes the instantaneous SNR/SINR attained at the secondary destination S D in Scenario i under Rayleigh VOLUME 6, 2018 fading. Because Rayleigh fading is a special case of Nakagami-m fading that is obtained by setting the fading severity parameter to m = 1, the channel capacity of the hybrid CCRN in Scenario i can be formulated by applying [15, 
eq. (52)] as
is the probability that the hybrid CCRN operates in Scenario i while P T is in State j in the first TS and is in State k in the second TS. Then, the average channel capacity of the hybrid CCRN is given as [15] 
where expectation operator E{·} acts on the instantaneous SNR/SINR γ
. Given (33), the optimization problem can be posed with respect to the optimization variables P s,i and P r,i as max
where 1 [·] is the indication function which returns 1 if the condition in [ · ] is correct. Because the probability p (j,k) i of each case does not depend on the optimization variables P s,i and P r,i , we can rewrite the objective function of the optimization problem as 
The remainder of this section aims at deriving the optimal power allocation for S T and S R to maximize channel capacity of the hybrid CCRN. Let P t be the total transmit power limit of the hybrid CCRN, i.e.,
Furthermore, whenever the CCRN senses P T as active, the SUs adapt their transmit powers under the interference power limit Q imposed by P D . As a results, the optimization problem for Scenario i can be formulated as
Applying the decomposition method of [22] , the objective given in (39) can be decoupled into parallel sub-objectives that aim at maximizing the instantaneous channel capacity of the hybrid CCRN in each transmission as (see also Appendix A)
where each individual sub-objective (41) is subject to the constraints (40). As the logarithm is a monotonically increasing function, solving objective (41) subject to the constraints (40) is equivalent to finding the minimum of the following objective function:
subject to the same constraints. In view of (8), a solution to (41) can be obtained by solving the following equivalent optimization problem:
The Hessian matrix related to the objective function (42) with respect to P s,i and P r,i can be obtained as 2 
Note that all constraints in (43) are linear, so they are convex functions. Furthermore, the objective function in (43) is convex since the Hessian matrix is positive definite. Thus, the optimization problem is convex and has a global minimizer. Then, solutions for the optimal transmit powers, P c * s,i of S T and P c * r,i of S R that maximize the channel capacity of the hybrid CCRN in Scenarios 1, 2, 3, and 4 are given by the following Theorems 1, 2, 3, and 4, respectively. Note that the detailed proofs of these theorems are provided in the appendices using results from optimization theory such as Lagrangian function and Karush-Kuhn-Tucker (KKT) conditions.
Theorem 1: The optimal transmit powers P c * s,1 of S T and P c * r,1 of S R that maximize the channel capacity for Scenario 1 are obtained as
Proof: See Appendix B. Theorem 2: The optimal transmit powers P c * s,2 of S T and P c * r,2 of S R that maximize the channel capacity for Scenario 2 are obtained as
P c * r,2 = max(
Proof: See Appendix C. Theorem 3: The optimal transmit powers P c * s,3 of S T and P c * r,3 of S R that maximize the channel capacity for Scenario 3 are obtained as
Proof: See Appendix D. Theorem 4: The optimal transmit powers P c * s,4 of S T and P c * r,4 of S R that maximize the channel capacity for Scenario 4 are obtained as
Proof: See Appendix E.
V. OPTIMAL POWER ALLOCATION TO MINIMIZE OUTAGE PROBABILITY OF THE HYBRID CCRN
Applying [15, eq. (26) ], the outage probability of the hybrid CCRN is obtained as
where P out,i denotes the outage probability of the hybrid CCRN at a given outage threshold γ th in Scenario i and is calculated as
Given (8), the CDF of the instantaneous SNR/SINR γ
From (11) and (12) (γ ) can be obtained as 
Our goal in this section is to find the optimal powers P o * s,i of S T and P o * r,i of S R in Scenario i, respectively, that minimize the outage probability P out,i for each scenario. This can be posed as the following optimization problem:
The Hessian matrix of the objective function (57) with respect to P s,i and P r,i can be obtained as
(γ th ) is positive definite. Thus, the optimization problem (58) is convex and has a global minimizer. Then, the optimal transmit powers P o * s,i of S T and P o * r,i of S R that minimize the outage probability for Scenarios 1, 2, 3, and 4 are given by the following Theorems 5, 6, 7, and 8, respectively.
Theorem 5: The optimal transmit powers P o * s,1 of S T and P o * r,1 of S R that minimize the outage probability for Scenario 1 are obtained as
Proof: See Appendix F. Theorem 6: The optimal transmit powers P o * s,2 of S T and P o * r,2 of S R that minimize the outage probability for Scenario 2 are obtained as
Proof: See Appendix G. Theorem 7: The optimal transmit powers P o * s,3 of S T and P o * r,3 of S R that minimize the outage probability for Scenario 3 are obtained as
Proof: See Appendix H. 
Proof: See Appendix I.
VI. NUMERICAL RESULTS
In this section, we provide numerical results for the performance of the hybrid interweave-underlay CCRN applying the proposed optimal power allocations. We assess the channel capacity and outage probability of the hybrid CCRN under the effect of arrival rate λ p of the PN, interference powerto-noise ratio Q/N 0 , transmit power of the PN and hybrid CCRN, false alarm probability, and missed detection probability of the CCRN. Let 5 , and d 6 be the normalized distances of the links S T → S R , S R → S D , S T → P D , S R → P D , P T → S R , and P T → S D , respectively. All links of the hybrid CCRN are subject to Rayleigh fading. The channel mean powers shall be attenuated with distance according to the exponentially decaying path-loss model with path-loss exponent n = 4 (shadowed urban cellular radio). Fig. 3 , respectively, show channel capacity and outage probability of the hybrid CCRN as a function of arrival rate λ p of the PN for different so-called transmit SNRs P p /N 0 of the primary transmitter P T . It can be seen from these figures that the channel capacity of the hybrid CCRN decreases while the outage probability increases when the arrival rate of the PN increases. This behaviour can be explained as follows. Increasing the arrival rate λ p of the PN means that the occupation of the licensed spectrum by PUs increases. As a result, the probability that the hybrid CCRN can operate in interweave mode without facing the interference power constraint decreases. Due to the need of controlling the transmit powers of the SUs to not exceed the total interference power limit, the respective transmit SNR at the secondary transmitter S T and secondary relay S R decrease which in turn reduces channel capacity and increases outage probability. It can also be observed that the performance of the hybrid CCRN significantly deteriorates with the increase of the transmit SNR P p /N 0 of P T , i.e., channel capacity decreases and outage probability increases. This is because the interference inflicted by the PN to the hybrid CCRN increases with the increase of P p /N 0 . Fig. 5 illustrate the effect of false alarm and missed detection on the channel capacity and outage probability of the hybrid CCRN versus interference power-to-noise ratio Q/N 0 . Given a fixed value of Q/N 0 , it can be observed that the channel capacity decreases while the outage probability increases for the scenario with false alarm probability of p f = 0.2 compared to the case of perfect spectrum sensing. This is because the period for which the hybrid CCRN considers the PN as being active increases when the false alarm probability increases. As a result, the period over which the hybrid CCRN needs to comply with the interference power constraint using the underlay mode and SUs cannot transmit with maximum power also increases. Although the performance of the hybrid CCRN deteriorates with increased false alarm probability compared to perfect spectrum sensing, this scenario has no negative impact on the performance of the PN as the SUs control their transmit powers to a lower level. In contrast, for the scenario where imperfect spectrum sensing results in a missed detection probability of p m = 0.2, channel capacity and outage probability outperform that of perfect spectrum sensing. This is due to the fact that the period over which SUs operate in interweave mode and transmit with maximum power increases when the PN is sensed as inactive. The performance improvements obtained in the hyrbid CCRN as a result of increased missed detection probability comes at the expense of increased interference and consequently reduced performance of the PN. As for the progression of channel capacity and outage probability as a function of the interference that is tolerated by the PU, it can be observed that the performance improves with increased Q/N 0 for both metrics. It is also observed that the performance increases while the performance difference between imperfect and perfect spectrum sensing reduces when Q/N 0 increases (i.e., P T tolerates higher interference). Further, the performance improvement converges to a constant level once the interference power-to-noise ratio is sufficiently high. This is because the performance of the hybrid CCRN is not only affected by the interference power constraint imposed by the PUs but also by the total transmitter power constraint. Although the interference power constraint becomes essentially inactive if the PU tolerates a large interference powerto-noise ratio, the SUs can ramp up their powers only until the allowed total transmitter power is reached.
Finally, Fig. 6 and Fig. 7 compare the channel capacity and outage probability, respectively, obtained by the proposed VOLUME 6, 2018 hybrid interweave-underlay CCRN, and conventional underlay and interweave CCRNs. To make fair comparisons, in these examples, all parameters of the hybrid, interweave, and underlay CCRNs are chosen to be the same. As expected, the hybrid CCRN outperforms the conventional underlay CCRN. On the other hand, the performance of the interweave CCRN is superior compared to the hybrid CCRN. This is a result of the interweave CCRN not being bound by an interference power limit allowing it to transmit with maximum power as long as there is no activity in the PN. In contrast, the hybrid CCRN has to move into the underlay mode and reduce its transmit power with respect to the interference power limit once a PU becomes active in the PN. However, as the interweave CCRN is allowed to only opportunistically transmit when the licensed spectrum is not occupied by a PU, it may suffer from large durations in which transmission resources are blocked. As such, the interweave CCRN is not suitable for delay sensitive services. This problem is solved by the hybrid CCRN which benefits from the interweave mode as long as the PN is inactive and switches to underlay mode operating concurrently with PUs once they become active. It can also be observed that channel capacity and outage probability of the underlay and hybrid CCRN reach a constant level once the total transmit power limit becomes sufficiently large. This is again due to the interference power constraint imposed by the PN which does not allow the transmit powers of the SUs to be increased beyond a certain limit even if the total transmit power constraint would allow for a further increase.
VII. SUMMARY AND CONCLUSIONS
In this paper, we have proposed optimal power allocation strategies for a hybrid interweave-underlay CCRN aiming at maximizing channel capacity and minimizing outage probability. Based on the proposed optimal power allocation strategies, we have assessed the performance of the hybrid CCRN over Rayleigh fading in terms of channel capacity and outage probability. Our developed analytical framework has been carried out by taking into account the interference power constraint of the PN, the total transmit power constraint of the hybrid CCRN as well as imperfect spectrum sensing. It allows to quantify the performance of the hybrid CCRN under a variety of system parameter settings. In particular, numerical results have been presented to illustrate the effect of the arrival rate of the PN, the interference power constraint of the hybrid CCRN, and the effect of imperfect spectrum sensing in terms of false alarm and missed detection probability on the performance of the hybrid CCRN. Further, comparisons of the channel capacity and outage probability obtained by the interweave, underlay, and hybrid CCRNs have been provided. The benefits of the underlay and hybrid CCRNs include being able to concurrently transmit with PUs and hence can potentially be used to support delay sensitive services such as mobile multimedia. This benefit comes at the expense of reduced channel capacity and increased outage probability in the high transmit SNR regime compared to interweave CCRNs. However, the interweave CCRN may suffer from long periods of blocking if the arrival rate in the PN is high which makes it less attractive for delay sensitive services. Finally, our results contribute towards an understanding of designing hybrid CCRNs with optimal power allocation in the presence of imperfect spectrum sensing over Rayleigh fading.
APPENDIX A PROOF OF EQUIVALENCE OF OPTIMIZATION PROBLEMS
The optimization problem to maximize the channel capacity for Scenario i can be formulated as
where 1 [·] is the indication function which returns 1 if the condition in [ · ] is correct. Note that the instantaneous SINR/SNR γ (j,k) D,i in (A.1) is a function of the transmit powers P s,i at the secondary transmitter S T and P r,i at the secondary relay S R when the system operates in Scenario i. The solution to the above problem is based on the Lagrange duality method in which the Lagrangian function of this problem is given by
where µ 1 , µ 2 , and µ 3 are the non-negative dual variables or Lagrangian multipliers associated with the power constraints. Then, the Lagrangian dual function corresponding to the Lagrangian function is given by
The dual function (A.4) serves as an upper bound on the optimal value of the original (primal) problem (A.1) for any value of µ 1 , µ 2 , and µ 3 . As in [21, Sec. 5.5.3], for KKT optimal conditions of convex optimization, there is no duality gap between the optimal point of the primal problem and the Lagrangian dual function which ensures that the primal problem (A.1) can be equivalently solved from its dual problem (A.4). Maximizing its Lagrangian function to obtain the dual function for some given dual variables µ 1 , µ 2 , and µ 3 , we have
E{log(1+γ
This dual function can be obtained by solving for the subdualfunction g (µ 1 , µ 2 , µ 3 ), each for one fading state with channel realization as
It can be easily recognized that the optimization problem (A.6) is the dual function with no duality gap of the primal problem:
s.t.
As a result, the equivalence between (39) and (41) is proven.
APPENDIX B PROOF OF THEOREM 1
In Scenario 1, S T and S R adapt their transmit powers to comply with the total transmit power constraint P t > P s,1 + P r,1 of S T and S R as well as the interference power limit Q of P D in both TSs of the secondary transmission. Thus, all three constraints of (40) must be considered in Scenario 1. Given (43), the optimization problem of maximizing the channel capacity for Scenario 1 can be posed as
Introducing the non-negative Lagrangian multipliers, µ 1,1 , µ 2,1 , µ 3,1 , associated with the constraints (B.2), the Lagrangian function corresponding to (B.1) is given by
Applying KKT conditions, if P c * s,1 and P c * r,1 are the optimal powers of (B.1) subject to (B.2), then the following conditions must be satisfied:
Since transmit power cannot go to infinity, (µ 1,1 , µ 2,1 ) and (µ 1,1 , µ 3,1 ) cannot concurrently be equal to zero, therefore one of the following four cases can occur.
Case B 1 : If the second constraint of (B.2) is active but the third and fourth constraint are inactive at the optimal point, the interference from both S T and S R to P D do not exceed Q but the total power of S T and S R is limited by P t = P c * s,1 +P c * r,1
where P c * s,1 < Q/X 3 and P c * r,1 < Q/X 4 . Then, the solution of (B.4) to (B.10) is obtained as
where ψ
are, respectively, defined as
Case B 2 : If the second and fourth constraint of (B.2) are active but the third constraint is inactive at the optimal powers of S T and S R , the interference from S T does not exceed Q but the interference from S R is controlled to be equal to Q. Further, the total transmit power of S T and S R is limited by P t = P c * s,1 +P c * r,1 where P c * s,1 < Q/X 3 and P c * r,1 = Q/X 4 . Then, the solution of (B.4) to (B.10) is obtained as
Case B 3 : If the second and third constraint of (B.2) are active but the fourth constraint is inactive at the optimal powers of S T and S R , i.e., the interference from S T is constrained to be equal to Q but the interference from S R does not exceed Q. Moreover, the total transmit power of S T and S R is limited by P t = P c * s,1 + P c * r,1 where P c * s,1 = Q/X 3 and P c * r,1 < Q/X 4 . Then, the solution of (B.4) to (B.10) is obtained as
Case B 4 : If the second constraint of (B.2) is inactive but the third and fourth constraint are active at the optimal powers of S T and S R , the interferences from S T and S R are controlled to be equal to Q but the total transmit power is less than P t . Thus, P c * s,1 +P c * r,1 < P t where P c * s,1 = Q/X 3 and P c * r,1 = Q/X 4 . Then, the solution of (B.4) to (B.10) is obtained as
From (B.11) to (B.16), the optimal powers of the hybrid CCRN in Scenario 1 are obtained as in (45) and (46) and Theorem 1 is proofed.
APPENDIX C PROOF OF THEOREM 2
In Scenario 2, only S T controls the transmit power in the first TS subject to the interference power limit Q. Thus, only the second and third constraint of (40) must be considered. In view of (43), the optimization problem that maximizes the channel capacity in Scenario 2 is given by
With the non-negative Lagrangian multipliers µ 1,2 and µ 2,2 associated with (C.2), the Lagrangian function corresponding to (C.1) is given by
If P c * s,2 and P c * r,2 are the optimal powers of (C.1) subject to (C.2), the following KKT conditions must be satisfied:
Since the transmit powers of S T and S R are limited, µ 1,2 > 0. Then, one of following two cases can occur. Case C 1 : If the second constraint of (C.2) is active but the third constraint is inactive at the optimal powers of S T and S R , the interference from S T to P D does not exceed Q but the total transmit power of S T and S R is limited by P t = P c * s,2 + P c * r,2
where P c * s,2 < Q/X 3 . Then, the optimal powers of S T and S R that maximize the channel capacity in Scenario 2 are given by
Case C 2 : If the second and third constraint of (C.2) are active at the optimal solution, the interference from S T to P D is controlled to be equal to Q. Furthermore, the total transmit powers of S T and S R are limited by P t = P c * s,2 + P c * r,2 where P c * s,2 = Q/X 3 . Then, the optimal powers of S T and S R that maximize the channel capacity in Scenario 2 are obtained as in Case B 3 of Scenario 1, i.e.,
Combining (C.10) and (C.11), the optimal powers of the hybrid CCRN in Scenario 2 is obtained as in (47) and (48) which proofs Theorem 2.
APPENDIX D PROOF OF THEOREM 3
In Scenario 3, only S R controls the transmit power to comply with the interference power limit Q of P D in the second TS. Thus, only the second and fourth constraint of (40) must be considered. From (43), the optimization problem that maximizes the channel capacity in Scenario 3 is given by min P s,3 ,P r,3
Introducing the non-negative Lagrangian multipliers µ 1,3 and µ 2,3 associated with the constraints in (D.2), the Lagrangian function corresponding to (D.1) is given by
Applying the KKT conditions, the optimal powers P c * s, 3 and P c * r,3 of (D.1) subject to (D.2) must satisfy the conditions
Since the transmit power of S R cannot go to infinity, µ 1,3 must be positive, the following two cases need to be distinguished. Case D 1 : If the second constraint in (D.2) is active but the third constraint is inactive at the optimal powers of S T and S R , the interference from S R to P D does not exceed Q but the total transmit power of S T and S R is limited by P t . In this case, P c * s,3 + P c * r,3 = P t and P c * r,3 < Q/X 4 . Then, the optimal powers of S T and S R that maximize channel capacity of the hybrid CCRN in Scenario 3 can be obtained as
Case D 2 : If the second and third constraint in (40) are active at the optimal powers of S T and S R , the interference from S R to P D is adapted to be equal to Q. Further, the total transmit power of S T and S R is limited by P t . In this case, P c * s,3 + P c * r,3 = P t where P c * r,3 = Q/X 4 . Then, the optimal powers of S T and S R that maximize channel capacity can be obtained as
From (D.10) and (D.11), the optimal powers of the hybrid CCRN in Scenario 3 are obtained as in (49) and (50). Thus, Theorem 3 is proofed.
APPENDIX E PROOF OF THEOREM 4
In Scenario 4, S T and S R do not adapt their transmit powers under the interference power limit Q but operate in interweave mode. Thus, only the second constraint of the total transmit power limit P t in (40) has to be considered. From (43), the optimal powers P c * s, 4 and P c * r,4 of S T and S R , respectively, that maximize the channel capacity in Scenario 4 are obtained from the following optimization problem:
With the non-negative Lagrangian multiplier µ 1,4 associated with (E.2), the Lagrangian function related to (E.1) is given by
If P c * s, 4 and P c * r,4 are the optimal powers of (E.1) subject to (E.2), then the following KKT conditions must be satisfied:
From (E.4) to (E.8), the optimal power P c * s,4 of S T and P c * r,4 of S R that maximize channel capacity in Scenario 4 are obtained as in (51) and (52). This proofs Theorem 4.
APPENDIX F PROOF OF THEOREM 5
From (57) and (58), the problem of minimizing outage probability of the hybrid CCRN in Scenario 1 is given by
Introducing the Lagrangian multipliers µ i,1 ≥ 0, i = 1, 2, 3, associated with the constraints in (F.2), the Lagrangian function of this optimization problem is given by
If P o * s,1 and P o * r,1 are the optimal powers of (F.1) subject to (F.2), the following KKT conditions must hold:
From (F.5) and (F.6), µ 1,1 cannot concurrently be equal to zero with µ 2,1 or µ 3,1 . Then, one of the following four cases can occur.
Case F 1 : If the second constraint in (F.2) is active but the third and fourth constraint are inactive at the optimal powers, the interference power from both S T and S R is less than Q but the total transmit powers of S T and S R is limited by P t = P o * s,1 + P o * r,1 where P o * s,1 < Q/X 3 and P o * r,1 < Q/X 4 . Then, the solution of (F.4) to (F.10) is obtained as
where φ (j,k) 1 and φ
are determined as
Case F 2 : If the second and fourth constraint in (F.2) are active but the third constraint is inactive at the optimal powers of S T and S R , the interference power from S T is less than Q but the interference power from S R is controlled to be equal to Q, i.e., the total transmit powers of S T and S R are limited by P t = P o * s,1 + P o * r,1 where P o * s,1 < Q/X 3 and P o * r,1 = Q/X 4 .
Then, the solution of (F.4) to (F.10) is obtained as
Case F 3 : If the second and third constraint in (F.2) are active but the fourth constraint is inactive at the optimal powers of S T and S R , the interference from S T is constrained to be equal to Q but the interference power from S R is less than Q. Moreover, the total transmit powers of S T and S R are limited by P t = P o * s,1 + P o * r,1 where P s,1 = Q/X 3 and P r,1 < Q/X 4 . Then, the optimal powers are obtained as
Case F 4 : If the second constraint in (F.2) is inactive but the third and fourth constraint are active at the optimal powers of S T and S R , the interference powers from S T and S R are controlled to be equal to Q but the total transmit power of S T and S R is less than P t . Thus, P o * s,1 + P o * r,1 < P t where P o * s,1 = Q/X 3 and P o * r,1 = Q/X 4 . Then, the solution of (F.4) to (F.10) is found as
From (F.11) to (F.16), the optimal powers that minimize the outage probability of the hybrid CCRN in Scenario 1 are derived as in (60) and (61). Theorem 5 is proofed.
APPENDIX G PROOF OF THEOREM 6
From (57) and (58), the optimization problem that minimizes outage probability of the hybrid CCRN in Scenario 2 is given by
With the non-negative Lagrangian multipliers µ 1,2 and µ 2,2 associated with the constraints in (G.2), the Lagrangian function corresponding to (G.1) is given by L 2 (P s,2 , P r,2 , µ 1,2 , µ 2,2 ) = N Since the transmit powers of S R cannot go to infinity, we have µ 1,2 > 0. Then, one of the following two cases can occur. Case G 1 : If the second constraint in (G.2) is active but the third constraint is inactive at the optimal powers of S T and S R , i.e., P o * s,2 < Q/X 3 , then the total transmit power of S T and S R is limited by P t = P o * s,2 +P o * r,2 . As such, the optimal powers of S T and S R that minimize the outage probability of the hybrid CCRN in Scenario 2 are obtained as
Case G 2 : If both the second and third constraint in (G.2) are active at the optimal powers of S T and S R , i.e., P o * s,2 = Q/X 3 , then the total transmit power of S T and S R is also limited by P t = P o * s,2 + P o * r,2 . In this case, the optimal powers of S T and S R that minimize the outage probability of the hybrid CCRN in Scenario 2 can be obtained as P o * s,2 = Q/X 3 < P t P o * r,2 = P t − Q/X 3 (G.11)
Given (G.10) and (G.11), the optimal powers that minimize outage probability of the hybrid CCRN in Scenario 2 can be obtained as in (62) and (63). Hence, Theorem 6 is proofed.
APPENDIX H PROOF OF THEOREM 7
From (57) and (58), the optimization problem that minimizes the outage probability of the hybrid CCRN in Scenario 3 can be posed as Again, µ 1,3 must be positive since the transmit power of S R must be finite. Thus, one of the following two cases can occur. Case H 1 : The second constraint in (H.2) is active but the third constraint is inactive at the optimal powers of S T and S R , i.e., the transmit powers of S T and S R are limited by P t = P o * s,3 + P o * r, 3 where P o * r,3 < Q/X 4 . Then, the optimal powers of S T and S R in Scenario 3 that minimize the outage probability of the hybrid CCRN can be obtained as Case H 2 : If both the second and third constraint in (H.2) are active at the optimal powers of S T and S R , i.e., P o * r,3 = Q/X 4 , then the total transmit power of S T and S R is limited by P t = P o * s, 3 +P o * r, 3 . In this case, the optimal powers of S T and S R that minimize the outage probability of the hybrid CCRN in Scenario 3 can be obtained as From (H.10) and (H.11), the optimal power of S T and S R that minimize the outage probability of the hybrid CCRN in Scenario 3 can be obtained as in (64) and (65). This proofs Theorem 7.
APPENDIX I PROOF OF THEOREM 8
Finally, from (57) and (58), the optimization problem that minimizes the outage probability of the hybrid CCRN in Scenario 4 is given by From (I.4) to (I.7), the optimal power of S T and S R that minimize the outage probability of the hybrid CCRN in Scenario 4 can be derived as in (66) and (67). Theorem 8 is proofed.
